ABSTRACT
Melatonin, a circadian hormone with marked antioxidant properties, has been shown to protect against ischemia-reperfusion myocardial damage, especially when administered during reperfusion period. Melatonin has cardioprotective properties via its direct free radical scavenging and its indirect antioxidant activity. Melatonin efficiently interacts with various reactive oxygen and reactive nitrogen species and it also upregulates antioxidant enzymes and downregulates pro-oxidant enzymes. In addition, melatonin demonstrated blood pressure lowering, lipid profile normalizing and anti-inflammatory properties. The lack of these cardioprotective effects due to insufficient melatonin levels might be associated with several cardiovascular pathologies including ischemic heart disease. Patients with acute coronary syndrome or after myocardial infarction were shown to have reduced nighttime melatonin levels and 6-sulfatoxymelatonin urinary excretion. These alterations might translate to increased cardiovascular risk observed in acute myocardial infarction patients with low melatonin levels; and a mutation in melatonin receptors might augment the risk for acute myocardial infarction. Therefore, it is expected that melatonin administration could play a clinically relevant role in the pharmacotherapy of ischemic heart disease; an assumption supported by low toxicity and high safety of melatonin.
INTRODUCTION
Acute coronary occlusion is the leading cause of morbidity and mortality in the Western World and, according to the World Health Organisation, it will be the major cause of death in the world by the year 2020 (1) . The recognition that thrombotic occlusion of a coronary artery results in a wave front of irreversible myocardial cell injury, extending from the subendocardium to the subepicardium in a time-dependent fashion, led to the introduction of reperfusion therapy for AMI (2, 3) . Modalities for reperfusion include thrombolysis, percutaneous coronary intervention and coronary bypass grafting. Ischemia/reperfusion injury has been observed in each one of these situations (4).
The underlying pathophysiological mechanisms of ischemia/reperfusion injury have not been fully elucidated (Figure 1 ). It has been suggested that an over consume of oxygen (5) and intracellular calcium overload or redistribution (6) during the first minutes of reflow might be involved. However, oxygen-derived free radicals and hypercontracture, due to calcium-overload, are not the only candidates responsible for ischemia/reperfusion injury. Other factors of importance in the pathogenesis of ischemia/reperfusion injury include platelet-and neutrophil-mediated injury, the renin-angiotensin system and the complement activation (7) (8) (9) . In general, there are three moments to prevent ischemia/reperfusion injury. The acute reperfusion therapy is given in the first minutes. In the first hours, the therapy has anti-inflammatory and antiapoptotic targets. In the days and months after an AMI, the therapy has an anti-remodeling effect (4).
The evidence from the last 20 years documents that melatonin influences the cardiovascular system (10-12). Melatonin mediates a variety of physiological responses through membrane and nuclear binding sites. Two mammalian receptor subtypes have been cloned and designated as MT 1 and MT 2 (12). Theses receptors have been identified in human coronary arteries from pathological samples and also from healthy controls. Animal studies suggest that melatonin has dual effects on the vasculature, depending on the specific receptor type activated, with vasoconstriction occurring after MT1-activation and vasorelaxation after MT 2 -activation (13). It has been observed that patients with coronary artery disease have a low melatonin production rate, which correlates with the stage of the disease, e.g. greater reductions are observed in patients with a higher risk of cardiac infarction and/or sudden death (12,13). The current brief survey provides an overview on the role of melatonin in AMI.
We performed a comprehensive literature search by using electronic bibliographic databases (MEDLINE, EMBASE and The Cochrane Library) and combinations of the following keywords: melatonin AND human AND STelevation myocardial infarction OR non-ST-elevation myocardial infarction OR acute coronary syndrome OR AMI. Bibliographies of all selected articles and review were handled for other relevant article.
Circulating melatonin levels in patients with coronary artery disease
The pineal gland is a photoneuroendocrine organ that converts external luminic stimuli into a hormone secretion, being responsible for the synchronization between internal homeostasis and the environment. The circadian activity of the suprachiasmatic nucleus (SCN) is synchronised to the light/dark cycle mainly by light perceived by the retina. The photic signal generated in the retina is transmitted to the SCN through the retinohypothalamic tract (RHT) that has its origin in the ganglion cell layer of the retina. In the absence of light (during the night), an increase of melatonin biosynthesis in the pineal gland is stimulated by electrical signals from neurons in the SCN. These neurons receive inputs from the retina and they Figure 2 . Physiological regulation of circadian melatonin (MEL) production. In the pineal gland, MEL synthesis follows a rhythm driven by the suprachiasmatic nucleus (SCN), the biological clock. Neural signals from the SCN follow a multisynaptic pathway to the superior cervical ganglia (SCG). The noradrenaline released from postganglionic fibers activates adrenoceptors (A) in the pinealocyte, leading to increases in a second messengers (cAMP) increasing the enzymatic activity of AA-NAT, the rate-limiting step in MEL biosynthesis. The system is dramatically inhibited by light (day), the external signal allows entrainment to the environmental light/dark cycle. The photic signal received by the retina is transmitted to the SCN via the retinohypothalamic tract (RHT), which originates in a subset of retinal ganglion cells. Abbreviations: AA-NAT= ArylAlkylamine-N-acetyl transferase; NA= Noradrenaline; TRP= L-Tryptophan; A= Adrenoceptor; NN= Noradrenergic neuron.
send inputs via para-ventricular nucleus (PVN) and then make synaptic connections with the intermediolateral column of the cervical spinal cord to the superior cervical ganglia (SCG) (14) (15) (16) . The post-ganglionic sympathetic fibbers coming from SCG terminate adjacent to the pinealocytes. The neurotransmitter at the post-ganglionic sympathetic nerve terminal is noradrenaline (NA). Activation of the β-adrenoceptors present on the pinealocytes results an increases in cAMP concentration that promotes the biosynthesis of melatonin. During the day, NA release from the sympathetic fibbers is suppressed by an increased in electrical activity in the SCN. At night, when SCN is inhibited, the release of NA is enhanced (17,18) ( Figure 2 ).
Several studies show that humans with cardiovascular disease have noticeably lower circulating melatonin levels than age-matched subjects without significant cardiovascular deterioration (13). The reports that have investigated the circulating melatonin levels in subjects with coronary artery disease are summarized in Table 1 .
The first clinical study in humans that demonstrated a relationship between melatonin and coronary artery disease was published by Brugger et al (19) . They reported reduced levels of plasma melatonin measured at 02:00 h in coronary artery disease patients. Moreover, other investigators studied nocturnal urinary excretion of 6-sulfatoxymelatonin, major melatonin metabolite, in patients with coronary artery disease and they demonstrated a low melatonin production rate (20) (21) (22) . Moreover, Yaprak et al (23) demonstrated in patients with angiographically documented coronary artery disease, a decreased nocturnal melatonin synthesis and release. Similarly, patients suffering cardiac syndrome X have an attenuated nocturnal rise in serum melatonin levels related to that of age-matched individuals with no cardiac pathology (24) . Likewise, our group analyzed serum levels of melatonin and parameters of oxidative stress in a cohort of 25 AMI patients and 25 subjects with no evidence of coronary artery disease as controls. We demonstrated that AMI is associated with a nocturnal serum melatonin deficit as well as increased oxidative stress (25) .
Coronary atherosclerosis is characterized by a complex multifactorial pathophysiology. Inflammation in the vessel wall plays an essential role in the initiation, progression and development of thrombotic complications of atherosclerosis, namely normally plaque destabilization and eventually plaque rupture (26) . Previous studies from our group have reported a relationship between melatonin and light/dark variations in the production of inflammatory systemic molecules, such as interleukin-6, C-reactive (24) 5 patients with cardiac syndrome X and 9 controls
Blood samples were collected every 2 h between 22:00 and 08:00 h. to determine melatonin levels
Patients with cardiac syndrome X secreted less nocturnal melatonin at 02:00 h than control subjects DominguezRodriguez et al.
25 patients with AMI and 25 controls Blood samples were obtained at 10:00 and 03:00 h to determine melatonin AMI is associated with a nocturnal serum melatonin deficit CAD = coronary artery disease; AMI = acute myocardial infarction.
protein, matrix metalloproteinase-9 and soluble vascular cell adhesion molecule-1 (27) (28) (29) (30) . On this basis of a large amount of data, it is clear that melatonin inhibits the production of inflammatory mediators, adhesion molecules, growth and chemotactic factors of cells of the immune system, thereby likely limiting the local inflammatory response in the atherosclerotic plaque (31).
Of particular interest, it is the emerging prognostic role of melatonin in patients with coronary artery disease. At this respect, Dominguez-Rodriguez et al (32) demostrated in patients with AMI that low nocturnal melatonin levels predict cardiac adverse events (heart failure or death) during 6-month follow up. The results of many publications suggest an impending decrease in circulating melatonin concentration at different stages of the coronary heart disease in humans (33).
EFFECTS OF MELATONIN ON MYOCARDIAL INFARCTION
Re-introduction of abundant oxygen at the onset of reperfusion evokes, within the first few minutes of reflow, a burst of potent free radicals, including superoxide anion, hydroxyl radical and peroxynitrite, have been demonstrated in experimental settings as well as in human with AMI undergoing thrombolysis (34) or percutaneous coronary intervention (35) . The production of free radicals in the early phase of reperfusion, in combination with the ischemiareperfusion induced loss of antioxidant activity, renders the myocardium extremely vulnerable to molecular damage (4). Membranes are composed mostly of phospholipids and proteins. Alterations in membrane proteins by free radicals are among the important factors in the evolution of myocardial ischemia-reperfusion damage. Large quantities of free radicals drain off endogenous antioxidant defenses. This leads to peroxidation of lipid membranes and loss of membrane integrity and results in necrosis and cell death (4).
Several recent publications present convincing evidence for the protective actions of melatonin against cardiac damage occurring during ischemia-reperfusion injury (10, 36, 37) . Thus far, these beneficial actions have been attributed to the anti-oxidant and free radical scavenging actions of the hormone (10, 11, 18). Sallinen et al, examined the time course of changes in the synthesis and levels of endogenous melatonin and in the expression of MT 1 and MT 2 melatonin receptors 1 day, 2 and 4 week after AMI in rats. AMI was produced by ligation of the left anterior descending coronary artery. They demonstrated that the melatonin synthesis in the pineal gland increased rapidly in response to the AMI, supporting an important role for endogenous melatonin in protecting the heart after AMI (38) . These observations of increased melatonin synthesis may indicate that the decreased plasma melatonin levels in humans with coronary artery disease (19) (20) (21) . In AMI (25) these levels are the result of melatonin consumption caused by scavenging of the elevated free radical production, or they represent lower melatonin production, and hence less protection against oxidative stress (33) .
Ischemia-reperfusion injury causes an increase in oxygen free radicals; it alters calcium signaling in platelets (39) , and stimulates platelet aggregation (40) . Melatonin synthesis is not restricted to the pineal gland but also takes place in megakaryocytes and platelets (41, 42) . A recent study from our group showed in AMI patients undergoing primary percutaneous coronary intervention a relationship between intraplatelet melatonin and the "no-reflow" phenomenon (specific type of vascular damage, occurring when complete removal of coronary occlusion does not lead to restoration of coronary flow) (43). Our data suggest that these patients have low intraplatelet melatonin levels as the result of consumption because "no-reflow" patients have higher oxidative stress (44) .
Melatonin has shown to have a scavenging effect on the hydroxyl radical and it may have a protective effect on tissue injury mediated by oxidative stress. Melatonin metabolites, such as N 1 -acetyl-N 2 -formyl-5-methoxykynuramine and N-acetyl-5-methoxykynuramine, up-regulate antioxidant enzymes and down-regulate the pro-oxidative and proinflammatory enzymes (18) . Recent investigations in patients with AMI undergoing primary percutaneous coronary intervention confirmed a relationship between melatonin concentrations and ischemia-modified albumin, a marker of myocardial ischemia. Thus our data suggest that melatonin acts as a potent antioxidant agent, reducing myocardial damage induced by ischemia-reperfusion (45).
Growing evidence has become available supporting a crucial role of mitochondrial permeability transition in cardiomyocyte cell death occurring during ischemia-reperfusion process (46) (47) (48) . Permeability transition is caused by the opening of the mitochondrial permeability transition pore, a multiprotein megachannel connecting the mitochondrial matrix compartment with the cytosol. Massive mitochondrial permeability transition pore opening results in mitochondrial depolarization, swelling and rupture of the external mitochondrial membrane, uncoupling of the respiratory chain and efflux of cytochrome c and other proapoptotic factors that may lead to either apoptosis or necrosis (49) . Recent data suggest that some of the cell protective effect of melatonin may be produced at a mitochondrial level (50) . Petrosillo et al have demonstrated that melatonin protects against heart ischemia-reperfusion injury by inhibiting mitochondrial permeability transition pore opening. Melatonin treatment significantly improves the functional recovery of Langendorff hearts on reperfusion; it reduces the infarct size and decreases necrotic damage, as shown by the reduced release of lactate dehydrogenase (51).
Taking into account that free radicals are involved in the inflammatory process, melatonin is a good candidate as an anti-inflammatory agent, which complements its antioxidant and free radical scavenging features (10-13). Anti-inflammatory actions of melatonin are related to the inhibition of PGE 2 effects, and in particular, COX-2 down regulation (31, 33) . The variety of biologically activate metabolites explains why melatonin exhibits a variety of physiological functions. As the oxidative status of organisms can modify melatonin metabolism, the ratio of different melatonin metabolites could serve as an indicator of oxidative status of organisms and can also serve as signals to trigger in vivo responses of organisms (18) .
The marked variability of melatonin production by the pineal gland may be due to mutations in genes encoding critical enzymes involved in melatonin biosynthesis (13). Two G protein-coupled membrane receptors for melatonin have been cloned and they are identified as MT 1 and MT 2 (52) . In mammals, these melatonin receptors are expressed in the majority of the central neural system and peripheral tissues, including the cardiovascular system (53, 54) . These receptors share a high degree of sequence homology with an orphan receptor also named G protein-coupled receptor 50 (GPR50), which plays a pivotal role in mediating the intracellular effects of numerous neurotransmitters and hormones, including melatonin (55) . There are nine coding single nucleotide polymorphisms in the MT 1 gene (5 missenses, 3 synonymous and 1 insertion) and another nine coding single nucleotide polymorphisms in the MT 2 gene (7 missenses and 2 synonymous) (13). Recently, we have performed a case-control study in 300 consecutive AMI patients and 250 healthy controls. In this study, a mutation in the MT 1 receptor (polymorphism rs2838653), may be associated with less-effective melatonin receptor and specific pattern of expression, emphasizing the possibility to predispose a higher incidence of AMI (56).
PERSPECTIVE FUTURE ON THE UTILIZATION OF MELATONIN IN THE ACUTE MYOCARDIAL INFARCTION
The administration of melatonin has been reported to reduce blood pressure as a consequence of various mechanisms including a direct hypothalamic effect, a lowering of catecholamine levels, relaxation of the smooth muscle wall and, most importantly, as a result of its antioxidant properties (11) . Likewise, melatonin treatment of peri-and post-menopausal women causes a significant elevation of high-density lipoprotein cholesterol without influencing total cholesterol levels (12, 33).
Studies in animals have confirmed the ameliorative effects of melatonin on abnormal function and cardiac tissue destruction resulting from ischemiareperfusion after the administration of pharmacologic doses of melatonin prior to ischemia and/or during reperfusion (36, (57) (58) (59) . Additional studies showed that melatonin also markedly reduced the superoxide anion radical production and lowered myeloperoxidase activity induced by ischemia-reperfusion (10).
A report by Dobsak et al (60) documents the pivotal role of melatonin in limiting myocardial pathophysiology in the ischemia-reperfusion rat heart. In this case, an isolated working heart model was used to test melatonin's ability to reduce myocardial damage after transient ischemia followed by reoxygenation. The results of Kacmaz et al (61) also confirmed that melatonin has a protective effect on ischemia-reperfusion induced oxidative cardiac damage. Moreover, Genade et al have demonstrated in animal studies, that melatonin's actions on the perfused heart are dependent on the time of administration. If it is added during reperfusion only, melatonin is cardioprotective, while it is when administered before and during an ischemic preconditioning protocol; it abolishes protection (62).
The available scientific evidence has led our group to carry out a phase II clinical trial (ClinicalTrials.gov no. NCT00640094). We attempt to demonstrate inhibition of I/R damage after administration of intravenous melatonin in patients with ST-elevation myocardial infarction immediately before primary percutaneous coronary intervention (63) . Moreover, other authors are testing whether intracoronary injection of melatonin can reduce the myocardial damage sustained by I/R (ClinicalTrials.gov no. NCT01172171). The importance of these studies is emphasized by the fact when, exogenously administered, melatonin is quickly distributed throughout the organism. It crosses all morphophysiologic barriers and it enters into cardiac cells with great ease. Highest intracellular concentrations of melatonin are found at a mitochondrial level. This is especially important, as the mitochondria is a major site of free radical generation and oxidative stress (33, (64) (65) (66) (Figure 3 ).
It is clear that melatonin could potentially become an ideal agent for clinical treatment of patients with ischemic heart diseases (13). Based on surface area [M 2 = weight (g) 2/3 x K x 10 -4 , where the constant specific for each animal species (K) = 10.5 for mice] the dose used for mice (150 µg/kg) is equivalent to 0.8 mg/1.8 m 2 for humans (67) . Since the melatonin is a natural endogenous substance, even at pharmacological doses (10 mg/day, ≈ 25000 times the nocturnal physiological levels), it showed very low toxicity in clinical practice. The reported adverse effects, such as, nightmares and hypotension were rare and mild. The somnolence is the principal physiological effect and not a side effect of it (68,69).
CONCLUSIONS
Experimental results have contributed to solid evidence to consider melatonin to be one of the essential components of the organism's antioxidant defense system. This review shows data from studies that confirm the cardioprotective actions of melatonin, particularly during ischemia-reperfusion process in the ischemic heart. The discovery of melatonin as a direct free radical scavenger and as an indirect antioxidant via its stimulatory actions on antioxidative enzymes has greatly increased interest in the potential cardioprotective of this indoleamine. Furthermore, melatonin's ability to inhibit the pro-oxidative enzyme, nitric oxide synthase, is mediated by a tertiary metabolite of melatonin, N 1 -acetyl-N 2 -formyl-5-methoxykynuramine (70) . The ability of the patent molecule melatonin as well as its metabolites to function in radical detoxification greatly increases its ability to limit oxidative abuse at many levels within cells.
Melatonin is an endogenous molecule with few side effects and a low monetary cost. Its lipophilic nature allows crossing cell membranes with ease to reach cell compartments where oxygen-derived free radicals can be found. We will await the results of the phase II studies of melatonin with great interest.
